Activation of the serine-threonine kinase Akt promotes the survival and proliferation of various cancers. Hypoxia promotes the resistance of tumor cells to specific therapies. We therefore explored a possible link between hypoxia and Akt activity. We found that Akt was prolyl-hydroxylated by the oxygen-dependent hydroxylase EglN1. The von Hippel-Lindau protein (pVHL) bound directly to hydroxylated Akt and inhibited Akt activity. In cells lacking oxygen or functional pVHL, Akt was activated to promote cell survival and tumorigenesis. We also identified cancer-associated Akt mutations that impair Akt hydroxylation and subsequent recognition by pVHL, thus leading to Akt hyperactivation. Our results show that microenvironmental changes, such as hypoxia, can affect tumor behaviors by altering Akt activation, which has a critical role in tumor growth and therapeutic resistance.
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nactivation of the VHL tumor suppressor gene is the gatekeeper event in most hereditary [von Hippel-Lindau (VHL) disease] and sporadic clear-cell renal carcinomas (ccRCCs) (1) (2) (3) . Approved targeted therapies against advanced renal carcinomas include mechanistic target of rapamycin (mTOR) inhibitors (rapalogs) (4) (5) (6) . Preclinical cancer models indicated that loss of VHL or phosphatase and tensin homolog (PTEN) increases rapalog sensitivity (7) . Because Akt is frequently activated in VHL-defective renal carcinomas (8), we thus tested whether VHL protein (pVHL) might directly regulate Akt.
Cre-mediated deletion of VHL in conditional VHL-knockout mouse embryonic fibroblasts (MEFs) (9) increased Akt activity, as evidenced by increased phosphorylation at threonine 308 (pT308-Akt) and serine 473 (pS473-Akt) (Fig. 1A) . Reintroducing pVHL in VHL-deficient renal carcinoma cells reduced pT308-Akt, and to a lesser extent pS473-Akt, in cells (Fig. 1B and fig. S1 , A and B) and decreased Akt kinase activity in biochemical assays (fig. S1, C and D). Because phosphorylation of T308-Akt plays a more critical role in activating Akt than does phosphorylation of S473 (10), we focused on the regulation of the former by pVHL. (Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. In the mutants, other amino acids were substituted at certain locations; for example, P125N indicates that proline at position 125 was replaced by asparagine.)
To test whether the regulation of Akt by pVHL in our system was hypoxia-inducible factor (HIF)-dependent, we depleted HIF1b (11) in renal carcinoma cells, which did not decrease pT308-Akt ( fig. S2, A and B) . Similarly, silencing HIF2a in 786-O cells or ectopically expressing a nondegradable HIF2a-PA (12, 13) in various cell lines did not alter pT308-Akt ( fig. S2, C to F) . Taken together, these results point to a HIF-independent link between pVHL and Akt activity.
Total Akt abundance was not affected by manipulating pVHL in different cell lines (Fig.  1, A and B) . This left open the possibility that pVHL specifically polyubiquitylates phospho-Akt. However, depletion of Cullin 2, which is required for pVHL-dependent ubiquitylation and leads to stabilized HIF2a (14) as expected, did not affect Akt phosphorylation ( fig. S2G ). These data suggest that pVHL suppresses Akt kinase activity in an E3 ligase-independent manner.
Overexpressed pVHL bound to Akt1 and Akt2 but not to Akt3 bound to wild type (WT) and most type 2 but not type 1 pVHL mutants ( fig. S3 , F to I) (3, 16) . Site-directed mutagenesis of critical residues within the hydroxyl-proline binding pocket of pVHL (13, 17) revealed that pVHL residues critical for binding to Akt1 and HIF1a partially overlap but are not identical ( fig. S3 , J to M). Likewise, WT and most type 2 but not type 1 pVHL mutants inhibited pT308-Akt in 786-O cells ( fig. S3N ), suggesting that pVHL suppresses Akt through a direct physical association. Consistent with our findings in cell lines, pT308-Akt was increased in human VHL mutant ccRCC clinical samples relative to surrounding normal tissues ( fig. S4 , A to C).
HIFa must be prolyl-hydroxylated by the egglaying defective nine (EglN) oxygen-sensitive enzymes to bind pVHL (18) (19) (20) . To test whether inhibition of Akt by pVHL is likewise regulated by oxygen, we exposed cells to 1% O 2 or the EglN inhibitor dimethyloxaloylglycine (DMOG). Both treatments increased pT308-Akt in VHL-proficient but not VHL-deficient ccRCC cells (Fig. 1C and  fig. S5A ) in a HIF2a-independent manner ( fig.  S5B ). Hypoxia and hypoxia-mimetics also disrupted the interaction of pVHL with Akt1 ( Fig.  1D and fig. S5 , C to G).
Depletion of EglN1 (also termed PHD2), but not EglN2 or EglN3, increased Akt kinase activity in various cell lines ( Fig. 2A and fig. S6 , A to E). Reactive oxygen species (ROS) can destabilize PTEN and thereby activate Akt (21, 22) . However, EglN1 inactivation minimally induced cellular ROS levels and did not down-regulate PTEN ( Fig. 2A and fig. S6 , F to I). Akt hyperactivation was reversed by reintroducing wild-type but not catalytic-inactive EglN1 in EglN1 −/− MEFs (Fig.   2B ) or EglN1-depleted human embryonic kidney (HEK) 293 cells ( fig. S6J ). Furthermore, DMOG or hypoxia activated Akt in parental but not EglN1-depleted cells (Fig. 2C and fig. S6 , K and L). Consistent with these findings, Akt1 bound to EglN1 but not EglN2 or EglN3, whereas both pVHL and EglN1 bound to Akt1 and Akt2 but not Akt3 (fig. S7, A to K) . Moreover, the interaction of pVHL with Akt1 was abolished in EglN1-depleted cells ( fig. S8 , A to C), and depleting EglN1 resulted in increased pT308-Akt only in VHL-WT cells but not VHL-deficient cells (Fig.  2D and fig. S8 , D and E). Hence, EglN1 is required for pVHL to suppress Akt. Both EglN1 and pVHL preferentially bound the activated form of Akt1 (E17K variant or myristoylated-Akt) ( fig. S9, A to H) (23) . Moreover, binding of EglN1 to Akt1 correlated with the appearance of pT308-Akt in cells stimulated with insulin or epidermal growth factor (EGF) (Fig. 2, E and F, and fig. S10, A to H) . Conversely, blocking Akt phosphorylation decreased the interaction of Akt1 with EglN1 ( fig. S10, I to K). To test whether Akt can be hydroxylated by EglN1, we identified hydroxylation of multiple Akt1 prolylresidues including Pro (Fig. 3B) , leading to increased pT308-Akt (Fig.  3C) , arguing that these two residues are pivotal for the regulation of Akt by pVHL. Mutating FOXO-like sites to HIF-ODD motifs in Akt1 impaired its interaction with indicated type 2 pVHL mutants ( fig. S12, A to F) , again supporting that the pVHL residues used to bind hydroxylated HIFa and Akt are similar but not identical.
Mutations of Pro 125 and Pro 313 enhanced the interaction between Akt and its upstream kinase phosphoinositide-dependent kinase 1 (PDK1), leading to increased pT308-Akt that is insensitive to DMOG treatment ( fig. S13, A to D) . Moreover, hydroxylation-dependent recruitment of pVHL promoted the interaction of Akt1, but not Akt3, with the catalytic subunit of protein phosphatase 2A (PP2AC) (fig. S14, A to D) (26), which dephosphorylates pT308-Akt (27) . The binding of PP2AC to Akt1, but not Akt3, was diminished in cells deficient in EglN1 or VHL or by mutating the Akt1 FOXO-like motifs ( fig. S14, E to I) . Furthermore, recombinant pVHL promoted PP2A-mediated dephosphorylation of pT308-Akt in vitro ( fig. S14, J to L) . Collectively, these data suggest that EglN1-induced hydroxylation of Akt suppresses Akt activation, in part, by triggering pVHLmediated PP2A-induced dephosphorylation of pT308-Akt ( fig. S14M) .
To test whether prolyl-hydroxylation might alter the recognition of Akt1 by pVHL, we performed in vitro binding assays with biotinylated Akt1-derived peptides. Peptides spanning the Akt1 FOXO-like sites bound to pVHL in a hydroxylationdependent manner (Fig. 3, D and E) . Furthermore, hydroxylated Akt1 peptides bound to WT and most type 2 but not type 1 pVHL mutants (Fig. 3E and fig. S15, A to E) . Synthetic hydroxylpeptides derived from HIF1a or Akt1 competed with one another for binding to pVHL (fig. S15,  F and G) (Fig. 3, F and G, and fig. S16 , G to I). In multiple cell lines, Akt1 hydroxylation was triggered by growth factors (fig. S16, J to  N) . Using in vitro hydroxylation assays (fig. S17, A to C) (25, 28) coupled with MS analysis, we identified both Pro 125 and Pro 313 residues as hydroxylation sites by EglN1 (Fig. 3H and  fig. S17, D to K) .
Given that aberrant Akt activation can alter cell survival and metabolism to favor tumorigenesis, we evaluated whether hydroxylation of Akt modulates Akt-oncogenic signaling. Reintroducing the FOXO-like hydroxylation-deficient mutants (P125A and/or P313A) of Akt1, but not the corresponding Akt3 variants, into DLD1-AKT1
) led to increased pT308-Akt as compared with AKT1/2 −/− cells expressing wild-type Akt (Fig. 4 , A to C, and fig. S18 , A to G). Moreover, P125A and/or P313A of Akt1, but not the corresponding mutation in Akt3, promoted colony formation and anchorageindependent growth in vitro, as well as enhanced tumor formation in vivo relative to wild-type Akt (Fig. 4, D to I, and fig. S18 , H to R).
We also identified two cancer-associated Akt mutations, Akt1-G311D and Akt2-P127N (www. cbioportal.org) (Fig. 4J) (29) . The corresponding Akt mutants displayed reduced Akt hydroxylation, associated with reduced interaction with pVHL and PP2AC (Fig. 4K and fig. S19 , A to E), leading to increased pT308-Akt (Fig. 4L) . Biologically, reintroducing either P125N or G311D mutant of Akt1 or P127N-Akt2 in AKT1/2 −/− cells led to sustained activation of Akt oncogenic signaling (fig. S19, F to I), as well as increased oncogenic functions (Fig. 4, M and N, and fig. S19 , J to O). These results indicate that these cancerassociated mutations in Akt exhibit increased oncogenic activity because of loss of prolinehydroxylation-dependent inhibition of Akt by pVHL ( fig. S19P) . Therefore, our studies revealed that hypoxia and deficiencies in the VHL/EGLN tumorsuppressive pathway, in a HIF-independent and prolyl hydroxylation-dependent manner, lead to aberrant Akt activation, which in many models promotes apoptotic resistance. Conceivably, hypoxia-induced Akt activation promotes the survival of stem cells within hypoxia niches, regenerating cells within ischemic tissues and wounds, and cancer cells within hypoxic tumors. In a VHL-deficient ccRCC setting, accumulation of HIFa and activated Akt are likely to be integrated to promote renal carcinogenesis and metastasis (30) . This view provides further support for targeting phosphatidylinositol 3-kinase and/or Akt to treat pVHL-defective kidney cancers specifically and as a way to chemosensitize hypoxic tumors generally.
